An asteroid pair consists of two unbound objects with almost identical heliocentric orbital elements that were formed when a single "rubble pile" asteroid failed to remain bound against an increasing rotation rate. Models suggest that the pairs' progenitors gained the fast rotation due to the YORP effect. Since it was shown that the spin axis vector can be aligned by the YORP effect, such a behavior should be seen on asteroid pairs, if they were indeed formed by the described mechanism. Alternatively, if the pairs were formed by a collision, the spin axes should have a random direction and small or young bodies might have a tumbling rotation.
1. INTRODUCTION 1.1. Spin evolution mechanisms The Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) effect is a thermal torque imposed on asteroids due to the reflection and re-emission of sunlight from the body's asymmetric surface (Rubincam 2000; Bottke et al. 2006) . Since the YORP effect is applied by the momentum carried by sunlight photons, it is mainly a function of the asteroid radius R and its heliocentric distance, characterized by its semi major-axis a. The resulted change in the spin rate of the asteroid dω/dt can be defined by (Scheeres 2007) :
where ρ is the density of the body and e is the eccentricity of its orbit. F is the solar irradiance (1.361 kW/m 2 , at 1AU ) modified by the speed of light to derive solar radiation pressure and normalized to a unit distance (∼ 1 · 10 14 kg km s −2 ; Scheeres 2007) . Y is a nondimensional YORP coefficient determined by the asymmetric shape of the asteroid and the obliquity of its rotation. The YORP timescale τ yorp is defined by:
Where ω is the spin rate. The change dP/dt in the rotation period P can be defined by (Rozitis & Green 
Observational studies have shown that the YORP effect can double the spin rate of an asteroid in a relatively short timescale of about a million years for a km-sized near-Earth asteroids (e.g., Lowry et al. 2007 , Taylor et al. 2007 , Kaasalainen et al. 2007 ,Ďurech et al. 2008 . Such a short timescale makes the YORP effect a very efficient mechanism to control the spins of small bodies (up to diameter of ∼ 10 km) among the nearEarth asteroids (NEAs) and main-belt asteroids (MBAs) alike, according to their spin distributions (e.g., Pravec et al. 2008 , Polishook & Brosch 2009 , Statler et al. 2013 . While the rotation of an asteroid can also be spun-up by sub-catastrophic impacts (Paolicchi et al. 2002) , the YORP effect seems to be a more robust and efficient process for small-sized asteroids (Marzari et al. 2011 , Jacobson et al. 2014 .
The YORP effect is also known to modify the obliquity of asteroids since the re-emitted light has a nonorthogonal component imposed on the spin axis. Hanuš et al. (2011) found that the latitude distribution of small asteroids (D < 30 km) is clustered towards ecliptic poles and explained it by the YORP effect. Slivan (2002) found that asteroids of the Koronis family tend to cluster in two specific states (one in prograde and the second in a retrograde rotation) even though the Koronis family asteroids were formed in a catastrophic collision, and their obliquities and rotation periods should have a random distribution (Asphaug & Scheeres 1999 , Paolicchi et al. 2002 . Vokrouhlický et al. (2003) showed how the measured obliquities of the Koronis family can be the result of the YORP effect and a spin-orbit resonance. Therefore, asteroids that were formed by a catastrophic collision, within a recent time that is shorter than the timescale of the YORP effect, should present a randomized obliquity distribution rather than a distribution biased for a specific rotation state. The same is true for large asteroids that were formed by catastrophic collisions: since their YORP timescale exceeds the age of the solar system, they present a randomized obliquity distribution (Hanuš et al. 2013) .
Not only do catastrophic collisions randomize the obliquity distribution of the fragments, they also give the resulted asteroids a wide range of rotation periods characterized by complex rotations as was shown by numerical calculations (Asphaug & Scheeres 1999 ) and laboratory experiments (Giblin et al. 1998) . Complex rotations around a non-principal axis are referred to as tumbling asteroids (Pravec et al. 2005 ) and the time τ damp needed to damp the excited spin into an uniform rotation was derived by Burns & Safranov (1973) as:
where µ is the rigidity of the material the asteroid is composed of, Q is the ratio of the energy contained in the oscillation to the energy lost per cycle ("quality factor"), ρ is the asteroid's density, R is its mean radius and ω is its spin rate. K 2 3 is a dimensionless factor relating to the asteroid's shape. Using reasonable values described by Harris (1994) , one can calculate that the damping time for a tumbling km-sized asteroid is ∼ 10 6 to ∼ 10 8 years depending on the rotation period. Therefore, asteroids that were formed by a catastrophic collision, within a recent time that is shorter than their damping timescale, should present tumbling rotations rather than a relaxed rotation around a single axis.
Asteroid pairs
Pairs of asteroids that share almost identical heliocentric orbits were shown by dynamical calculations to originate from a single progenitor and not to be a mere coincidence (Vokrouhlický & Nesvorný 2008 , 2009 , Pravec & Vokrouhlický 2009 ). Members belonging to the same pair present similar spectral behavior or broadband colors, without a single case of a significant mismatch observed (up until now, similarities were observed among 20 asteroid pairs: Moskovitz 2012 , Duddy et al. 2012 , 2013 , Wolters et al. 2014 . This result supports the notion of a single origin for each pair to a significance of almost 5σ.
The formation of asteroid pairs was explained as the subsequent outcome of the YORP effect: following the spin-up of an asteroid by the YORP effect, an asteroid gains sufficient angular momentum to cross the breakup limit for a strengthless, "rubble pile" object (Margot et al. 2002 , Scheeres 2007 , Walsh et al. 2008 , Jacobson & Scheeres 2011 , and the asteroid split into a pair of asteroids 2 (Pravec et al. 2010 ). Alternatively, a catastrophic collision could form the pairs (Durda et al. 2004) , even though the slow drifting velocity between the components of each pair is less likely in a scenario of a collision (Vokrouhlický & Nesvorný 2008 ).
Study goals
Measuring the spin axis of asteroid pairs could disentangle between the two formation models: if the latitude distribution presents high preference for ecliptic poles then the YORP effect is the relevant mechanism for the pairs formation; if the latitude distribution is randomized than collisions shuttered the pairs' progenitors. In addition, a collision event can explain two members of a single asteroid pair that have significantly different spin axes, while the rotational fission model cannot. The model suggested by Pravec et al. (2010) assumed that the spin axes of a pair's members are parallel, and their model matches to the measurements of the pairs' spin periods and mass ratios. This match suggests that their assumption is indeed valid. Here, I am directly measuring the spin axes of asteroid pairs in order to confirm this assumption.
An important factor is the short time that passed since the pairs formation (10 4 to 10 6 years; Vokrouhlický & Nesvorný 2008 , Pravec et al. 2010 , that is referred here as the "dynamical age". If this time is shorter than the YORP timescale than we can assume that the YORP effect did not alter the spin vector since the fission event occur.
Same goes for the internal damping timescale. If an asteroid pair has a damping timescale that is longer than its dynamical age, and if the spin does not presents a tumbling nature, then the pair was not formed by a catastrophic collision. This is especially true for the smaller members of the pairs that have longer damping times.
In addition, knowing the sense of rotation of asteroid pairs is important for calculating the time passed since their formation: the sense of rotation determines the sign of the Yarkovsky drag (Bottke et al. 2006 ) imposed on the asteroid and it modifies its heliocentric orbit. This is an essential parameter when integrating backward an asteroid's orbital elements to derive the dynamical age of the pair.
And finally, deriving the spin axis by the lightcurve inversion method also constrains the shape model of the asteroid. Assuming a pair formed by the YORP effect, the shape and spin parameters can further constrain the density of the rotational-fissioned asteroid using an angular momentum conservation model as describe below. If the derived density values are low compared to the density of the material the asteroids consist of, than we can conclude these asteroids have a strengthless, rubble-pile structure, an essential characteristic for the rotationalfission mechanism to take place.
I collected photometric data on six asteroids during more than 110 nights between 2007 to 2014 (fortunately, most observations were performed in a remote operation mode). All observations were performed using the two telescopes of the Wise Observatory in Israel (code: 097): the 1-m Ritchey-Chrtien telescope; and the 0.46-m Centurion telescope . The 1-m telescope is equipped with a cryogenically-cooled Princeton Instruments (PI) CCD. At the f/7 focus of the telescope this CCD covers a field of view of 13'x13' with 1340x1300 pixels (0.58" per pixel, unbinned). The 0.46-m is equipped with a wide-field SBIG STL-6303E CCD (75'x55' with 3072x2048 pixels, 1.47" per pixel, unbinned). Most observations were performed without filters ("Clear"), but some were done using Cousins R. To achieve a point-like FWHM for the moving targets (at a seeing value of ∼2.5 arcsec), exposure times of 60 − 240 seconds were used, all with an auto-guider. The observational circumstances are summarized in Table 1 .
The images were reduced in a standard way using bias and dark subtraction, and were divided by a normalized flatfield image. Astrometric solutions were obtained using the PinPoint software 3 and the asteroids were identified against the MPC web database 4 . IRAF's phot function was used for the photometry. Apertures with fourpixel radii were chosen to minimize photometric errors. The mean sky value was measured using an annulus of 10 pixels wide and inner radius of 10 pixels around the asteroid.
The photometric values were calibrated to a differential magnitude level using local comparison stars measured on every image using the same method as the asteroid. Variable stars were removed at a second iteration. The brightness of the comparison stars remained constant to ±0.02 mag. A photometric shift was calculated for each image compared to a good reference image, using the local comparison stars. The photometric data of asteroid 44612 were also calibrated against the standard magnitude scale using Landolt equatorial standards (Landolt 1992) . The asteroid data were corrected for light-travel time and the magnitudes were reduced to one AU distance from the Sun and the Earth (Bowell et al. 1989) . Clear outliers were excluded manually. Refer to Brosch (2008, 2009) for detailed description of the photometric procedures of observation, reduction and calibration using the 1-m and the 0.46-m, respectively. Some of the observations were previously published by Pravec et al. (2010) , Polishook et al. (2011) and Vokrouhlický et al. (2011) .
Sparse lightcurves from large-scale surveys
In order to expand the photometric coverage of the asteroids I also used data taken by large-scale surveys. These surveys usually obtain only a few measurements of an asteroid per night, basically for astrometric needs, therefore they result in "sparse" lightcurves (as opposed to "dense" lightcurves). However, due to the systematic observation algorithm of these surveys, the asteroids are observed on a wide range of apparitions and phase angles. For example, using data from the Catalina Sky Survey, the observation period of (5026) Martes was stretched 3 www.dc3.com 4 http://www.minorplanetcenter.org/iau/mpc.html backward from 2009 to 1999. Because the photometric calibration of these surveys is at the order of 0.1 mag I followed Hanuš et al. (2011) and used data from the two surveys that have the best photometric calibration record: U.S. Naval Observatory (689) and Catalina Sky Survey (703; see Table I at Hanuš et al. 2011) . The data were downloaded from the MPC website 5 and were corrected for light-travel time, and heliocentric and geocentric distances of 1 AU. The data from the surveys were treated as relatively calibrated data, and each night and field of view was treated separately.
3. ANALYSIS In this section I describe the steps involved in the analysis of the photometric data: deriving the synodic period from data of a single apparition; matching the dataset to a sidereal period; mapping the entire space of spin axis coordinates for the best solution based on the matched sidereal period; constructing the shape model that is constrained from the best fitted spin axis and checking for its physical feasibility; applying the rotational-fission model with the derived physical parameter and deriving constraints on the asteroid's density.
3.1. Synodic rotation period I find the synodic rotation period of the asteroids by fitting a second-order (N k = 2) Fourier series to the reduced measurements using:
where B k and C k are the Fourier coefficients, P is the rotation period, M (t) is the photometric data at time t and t 0 is an arbitrary epoch. ZP is a constant needed to bring a set of observations from a single night into the same magnitude scale of datasets from other nights. Measurements from different apparitions were examined separately. For a given P, this yields a set of linear equations, that is solved using least-squares minimization to obtain the free parameters. The frequency with the minimal χ 2 is chosen as the most likely period. The error in the best-fitting frequency is determined by the range of periods with χ 2 smaller than the minimum χ 2 + ∆χ 2 , where ∆χ 2 is calculated from the inverse χ 2 distribution assuming 1 + 2k degrees of freedom. The calculation is performed for a set of trial frequencies centered on the rotation frequency as measured roughly by eye, for assuming two lightcurve peaks per rotation.
In a single case (44612), the asteroid was repeatedly sampled over a wide range of phase angles (0 to 20 degrees). Following the calibration of its photometric data to a standard magnitude level, the data were matched to the H-G system (Bowell et al. 1989 ) in order to derive the absolute magnitude of the asteroid. Polishook et al. (2008) describes this fitting in great detail.
3.2. The lightcurve inversion method I use the lightcurve inversion method to constrain the sidereal rotation period with the coordinates of the Note. -Columns: asteroids' designations, date of observation, telescope, filter, hourly time span, number of images, heliocentric and geocentric distances, phase angle, longitude and latitude of the Phase Angle Bisector (PAB), reference for previously published data: Pravec et al. 2010 , Vokrouhlický et al. 2011 . All observations were performed by the author at the Wise Observatory spin axis, the shape model and the scattering law parameters. This method, developed by and , and implemented as software by JosefĎurech 6 (Ďurech et al. 2010) and Josef Hanuš (Hanuš et al. 2011 ) scans the space of free parameters and gives the optimized solution with the minimal χ 2 . Experience shows that the best results of this method are achieved when an asteroid is observed on multiple viewing geometries, when its surface is covered from as many directions as possible. This can be performed only on multiple apparitions and phase angles, as graphically displayed for each asteroid in section 4.
In order to determine the statistical uncertainty of the solution I follow the method describe by Vokrouhlický et al. (2011) . They confronted the problems of photometric uncertainties that may not obey Gaussian statistics and that systematic and modeling errors dominate over the random ones. The χ 2 normalized by the degrees of freedom ν is used to obtain χ 2 values in the order of one. χ 2 -isocontours correspond to solutions with a R percent larger χ 2 than the global minimum are used to set the limit for statistically acceptable solutions. The rate R is a function of the degrees of freedom, since a χ 2 distribution with ν degrees of freedom has a variance of 2ν (Press et al. 2007 ):
The degree of freedom ν is the number of measured points minus the number of free parameters, which is about 50 for the model described here. Therefore, the uncertainty reduced with increasing number of measurements. A higher value for σ (3 rather than 1) was chosen if the uncertainty was low enough for a significant result. The σ values used to define the uncertainty of each asteroid are detailed in section 4.
Sidereal rotation period
At the first step only the sidereal period is being searched for since the other free parameters (e.g. spin axis, shape) are highly sensitive to it, and because mapping the entire range of possible periods is time consuming. Therefore, the code increases the resolution while the range of searched periods is being decreased. In this step, the spin axis, shape and scattering parameters are scanned with low resolution. A preliminary sidereal period is determined as the one with the minimal χ 2 and the uncertainty is defined by all the solutions with R percent larger χ 2 than the global minimum, as described above (e.g., Fig. 1 ).
In some cases the uncertainty was too high to match the data to a single sidereal period (more than one local minimum was smaller than R percent larger χ 2 than the global minimum). In such cases all of the sidereal period solutions within the uncertainty were used as input for the spin axis search, as long as the number of solutions was relatively small. The preliminary sidereal period was further tuned in later steps when the spin axis coordinates were scrutinized in higher resolution. 
Spin axis
Using the derived preliminary sidereal period(s) I apply the lightcurve inversion method on the entire range of the spin axis coordinates using a fixed interval of 5 degrees. An alternative running mode, where the code is "free" to choose the best coordinates within the grid (by that resulting with the exact coordinates) is also tested; yet the differences between the two modes are minor for this limited photometric data. The spin axis coordinates are determined by all solutions with χ 2 smaller than R percent larger χ 2 than the global minimum (Eq. 6). This uncertainty area is marked by a contour on a longitudelatitude map of solutions. In order to check the validity of the result, the code was run with similar values of sidereal period within its derived error range. If the spin axis solution is similar, we can be confident about the derived solution.
If the spin axis was checked against more than one sidereal period value, resulting with more than one χ 2 maps of spin axes, I use the minimal χ 2 of all spin axis solution maps as the best spin axis solution and determine the uncertainty range by it. This allows the rejection of some of the sidereal periods that were obtained in the previous low-resolution step.
Shape model
The lightcurve inversion code constructs the shape models that are constrained to the possible spin axis coordinates, using ∼2000 triangular facets. For each shape model a triaxial shape (a ≥ b ≥ c) was matched by applying a rotation matrix around the shortest physical axis c while the a and b axes are defined as two orthogonal axes on the plain that is orthogonal to the shortest physical axis c, with a being the longest axis. Any further interpretation of the shape models (e.g., looking for the area of fission) is premature, with the currently limited photometric data.
Each shape model is tested for its physical feasibility by two tests: 1) measuring the angular distance between the axis of maximal moment of inertia to the shortest physical axis of the shape (axis c). Because the observed asteroids do not have excited rotations and do not tumble around many axes, the spin axis is expected to be very close to, if not similar, to the shortest physical axis. A tolerance of up to 40 degrees between the shortest physical axis to the axis of maximal moment of inertia was allowed and a ratio between them do not exceed 1.1 (see the rationality in Hanuš et al. 2011) . 2) the ratio between the triaxial axes of each shape model, a/b and b/c is calculated. Since the c axis is parallel to the spin axis and to the axis of maximal moment of inertia, we can assume it to be shorter than the a and the b axes. Shape models and their constrained spin axes and sidereal periods that do not fulfill these conditions were rejected.
Other free parameters
The lightcurve inversion code also assumes an asteroid with a convex shape, and a simple empirical scattering law, since it was shown by Kaasalainen's papers that concavities have minimal fingerprints on lightcurves and that the role of the scattering law is very minor compared to the spin axis vector, period and the shape of the photometric convex hull.
Testing the analysis method
To increase our confidence in the fitted solutions, I run three test studies to check if the solutions are not a mere coincidence: i) the flux values were replaced with randomized values, while keeping the same number of points, and without exceeding the original range of flux values; ii) a spin coordinates solution was search for with a random value for the sidereal period; iii) A single set of dense measurements (data from one night taken at the Wise Observatory) was removed from the entire set, in order to see minor changes in the output. An additional test includes running the code excluding the data from the large-scale surveys.
In the first two tests, the χ 2 map was flat without any significant solution. These tests confirm that the photometric data can be fitted to a specific solution. The third test always displayed a similar χ 2 map with only larger uncertainty areas. The usage of the sparse lightcurves from the surveys made it possible to reject some sidereal periods and axis solutions and decrease the uncertainty of possible solutions. To conclude, the different tests support the strength of the derived solutions, and we can be certain they are not a mere coincidence.
3.8. Determine the uncertainty and the statistical significance of the results The values I report here for the sidereal rotation period, longitude and latitude of the spin axis, the a/b and b/c ratios, are the average values from the models that pass the physical feasibility test (section 3.5) and have a χ 2 value smaller than R percent larger χ 2 than the global minimum (Eq. 6). The uncertainty is given by the standard deviation of the values from all the valid solutions. In addition, the validity of the fit of the photometric data to a specific spin/shape solution is quantified by the χ 2 . When using 3σ in order to determine the uncertainty range above the global minimum of the χ 2 , we can be sure that the model is correct in 99.7%, therefore, the main uncertainty in the reported values is mostly dependent on the standard deviation of the physical solutions. However, when using 1σ only, the validity -An updated version of the correlation between the rotation period of the primary to the size/mass ratio between the two components of each pair (black squares), originally published by Pravec et al. (2010) . Additional data are from Slivan et al. 2008 , Polishook 2011 . In most cases, the error on the Y-axis is negligible. The rotational-fission model (grey line) is based on the assumption of a conservation of angular momentum. See the text for more details.
of the spin/shape solutions is only correct in ∼ 68%. Therefore, in the case of 3749, 7343 and 44612, where the uncertainty of the fit was determined by only 1σ, the main uncertainty in the reported results is due to the fit of the spin/shape solution. However, the 3σ-based uncertainty range are marked on the χ 2 maps of the spin axes fits in order to show that the additional uncertainty does not significantly change the result. An exception is 7343, that its 3σ-based uncertainty range has no significant meaning.
3.9. Estimating the density of an asteroid pair Assuming the asteroid pairs were formed by a rotational fission event in their recent past, we can use the derived parameters of spin and shape as the input of a model and by that constrain their density values. Pravec and Harris (2007) and Pravec et al. (2010; Supplementary Information) presented a model based on the conservation of angular momentum. The model from the two papers is presented in appendix A, while keeping the symbols chosen by these authors for clarity.
The model describes two bodies (the current primary and secondary pair members) laying one on top the other. The source of angular momentum for the two touching bodies is the spin of each object and their orbit around each other. Because the spin-orbit coupling is internal to the system, no energy is lost and the angular momentum is conserved. Photometric observations (Pravec et al. 2010 ) support this model, since a correlation was found between the current spin rate of the primary member ω 1f in to the mass ratio between the components q. An updated graph of the pairs' values and their correlation to the described model is displayed in Fig. 2 . The correlation is described as follow:
Where ω 1ini is the initial spin rate of the primary before the separation of the two objects, a1 b1 and b1 c1 are the ratios between the triaxial axes of the primary, G is the gravitational constant, ρ is the density, and the initial semi-major axis A ini , normalized by the intermediate axis of the primary b 1 , is of order unity for a contact binary.
The initial spin of the primary ω 1ini can be formulated as follows:
Where ω 2 is the supposedly unchanged spin rate of the secondary, a2 b2 is the ratios between the long triaxial axes of the secondary, and e is the eccentricity of the secondary around the primary. α L is the normalized total angular momentum of the system (see definition in Appendix A).
I use this model in order to constrain the density of the asteroid pair. I applied it with the derived parameters from the lightcurve inversion method (ω 1f in = 2π P1 , a 1 /b 1 , b 1 /c 1 ). The mass ratio q was obtained from the measured difference in magnitude ∆H as stated in the MPC website 7 . A value of 0.1 mag was chosen as the uncertainty of absolute magnitude obtained from the MPC. Combining the uncertainties of two asteroids to derive the formal uncertainty of ∆H, I use a conservative value of 0.14 mag ( (0.1 2 + 0.1 2 )) although the real uncertainty is probably smaller. A ini /b 1 was set to two and zero eccentricity (e=0) was chosen. For a 2 /b 2 I used measured values if existed or assume it to be 1 (spherical shape). If the rotation rate of the secondary (ω 2 ) is unknown P 2 = 2π/ω 2 was set to 2 hours, but due to the small size of the secondary members, this parameter is negligible. Because the rotation periods of the asteroids are known in high accuracy, the normalized total angular momentum, α L , is a function of the shape of the asteroids (parameters a, b and c). Pravec and Harris (2007) showed that for asteroids in zero tensile strength, like the asteroids studied here, there is an upper limit on α L as a function of a/b (see their Fig. 1 ). For the derived values the upper limit is one. This is also the average of the measured values of α L for binary asteroids (Pravec and Harris 2007) . Therefore, in this model α L was set to one.
4. RESULTS Here I report spin and shape parameters of six asteroids in pairs that were derived from the lightcurve in-
) . This assumes that the two members have the same density and albedo, which is a reasonable assumption if the two objects were part of a single body. version method. The orbital and physical parameters of these asteroids are summarized in Table 2 . As described above, for each object multiple possible solutions within the uncertainty range are derived, and all of them are treated as valid parameters. The average values for each parameter is presented and their standard deviation is used as the official error (summarized in Table 3 and 4).
(2110) Moore-Sitterly and (44612) 1999RP27
(2110) Moore-Sitterly and its secondary member (44612) 1999RP27 are among the "oldest" known pairs with a proposed separation time of more than ∼ 1.6 Myrs ago ). The drifting velocity between the two objects in the proper element space (3.36m/s; Pravec & Vokrouhlický 2009 ) is low as expected from an object splitted by rotational-fission. The S-complex near-IR reflectance of both members match each other supporting a common origin ). Both of their rotation periods were measured, and the period of 2110 fits with the rotational-fission model suggested by Pravec et al. (2010) . These measurements support the notion that 2110 and 44612 are truly an asteroid pair that was formed by the rotational-fission mechanism.
Photometric observations obtained on 14 nights and 3 apparitions at the Wise Observatory (Fig. 3) were used for the analysis of 2110. To this dataset 39 sets of sparse photometric data, collected by the Catalina Sky Survey, were added. The lightcurves have high SNR and low photometric errors (0.01 to 0.02 mag; Fig. 4) . The analysis results with 24 plausible spin axis solutions within the uncertainty range that corresponds to 3σ above the global minimum and with physical feasibility (Fig. 5-6) . All solutions present a retrograde sense of rotation with a mean latitude of −70 o ± 10 o . The longitude of the spin axis is not constrained. The shape models that match to the spin axis solutions have all similar northern hemisphere solution, with a shape of an irregular pentagon (e.g. Fig 7) . The southern hemisphere, though, is less constrained and different shapes were derived.
The secondary member of this pair, (44612) 1999RP27, Polishook et al. (2014) , age of 7343 is from Pravec et al. (2010) and taxonomy is from Duddy et al. (2012) .
-Diameters were estimated from the absolute magnitude assuming an albedo value of 0.22 for S-complex and 0.058 for the Ch-type asteroid (Mainzer et al. 2011) . was observed from the Wise Observatory on three appariations (Fig. 8) . On the second apparition the asteroid was regularly sampled on a large range of phase angles. The photometric data were calibrated to the standard level and the phase curve (Fig. 9) was fitted using the H-G system (Bowell et al. 1989 ) in order to derive the absolute magnitude of 44612, and a more accurate value of ∆H of the pair. A visible magnitude of H V = 15.51 ± 0.02 (equal to the MPC's value) and a G slope of 0.18 ± 0.02 were derived. The folded lightcurves are presented on Fig. 10 . 26 sets of measurements collected by the Catalina Sky Survey were used to expand the dataset. The smaller photometric data of 44612 put less constraints on the models compare to its companion, thus more spin axes solutions fall within the uncertainty range as determined by the χ 2 results (Fig. 11) . However, all have a retrograde sense of orbit within an uncertainty range that corresponds to 1σ above the global Table 1 ). The x-axis is the synodic rotation phase. The synodic rotation period is 3.3447 ± 0.0003 hours. The difference in the amplitude is due to the different aspect angle and phase angle at the three apparitions (see Table 1 ).
minimum and with physical feasibility (Fig. 11− 12 ). This means that the two members of this pair (2110 and 44612) have both the same sense of rotation. The longitude of the two spin axes are not constrained enough, but the latitude falls within the same uncertainty range (β 2110 = −70 ± 10, β 44612 = −50 ± 20). The shape mod- els of 44612 that match to the spin axis solutions are all rounded with no pointy edges (e.g., Fig. 13 ). It is premature to interpret this shape as the end result of the rotational-fission mechanism for the ejected secondary component, since this shape might also be the result of the smaller photometric coverage of the asteroid on its orbit.
By applying the separation model (Eq. 7− 8) on the derived axis and shape parameters the density of 2110 is constrained to 1.6 to 2.4 gr cm −3 . This density range is low compared to the density of ordinary chondrites that S-complex asteroids are made of (∼ 3.3 gr cm −3 ; Carry 2012). This density range is centered on the density of (25143) Itokawa, a rubble pile near-Earth asteroid that was visited and measured by the spacecraft Hayabusa (Fujiwara et al. 2006 ). This supports the notion that 2110 is a rubble pile asteroid that could have split due to the rotational-fission mechanism. 
(3749) Balam (3749)
Balam is a unique system of asteroids. It has a nearby satellite (at a separation of 20 km from the main body), that was discovered by light attenuation within 3749's lightcurves due to mutual events (Marchis et al., 2008a) ; a distant satellite (at ∼ 290 km from the main body), revealed in direct images on the Gemini-North telescope (Merline et al. 2002 ; the satellite's orbit was measured by Marchis et al. 2008b) ; and a secondary "pair", designated as 312497, found by numerical integrations (Vokrouhlický 2009 ) to have detached from the main body 280 +45 −25 kyr ago . It is unknown if all these objects were formed on the same fission event.
3749 was observed from the Wise Observatory on 38 nights during four apparitions (2007 to 2012; Fig. 15 ). Additional usable observations were impossible to obtain in 2013 because the galaxy served as a dense back- Table 1 ). The x-axis is the synodic rotation phase. The synodic rotation period is 4.9066 ± 0.0003 hours. ground. Measurements from 35 additional nights collected by the Catalina Sky Survey were added to the photometric dataset. Mutual events were removed (Fig. 16) to allow a continuous analysis. Using a less restrictive 1σ above the global minimum (Fig. 17) , the analysis finds 65 plausible spin axes (Fig. 18) , ∼ 95% of them have a Fig. 14.-The measured rotation period of (2110) Moore-Sitterly and its size/mass ratio with its secondary (black circle) compared to the values obtained by the model of angular momentum conservation (lines). The three lines represent the mean and two extreme cases with the stated density (ρ) values. These include the extreme cases of the triaxial axes of the shape model as derived from our analysis. The error on the Y-axis is negligible. The density range of (1.60 to 2.43 gr cm −3 ) for an S-complex object supports the notion that 2110 is a rubble pile asteroid that could have split due to rotational-fission. retrograde sense of rotation, while the other 5% points to the equator. A 3σ-based uncertainty range adds more plausible axes but these cross the equator only slightly; therefore, 3749 most probably rotates in a retrograde rotation. The derived shape models of 3749 present repeated pattern of non-elongated body with low a/b ratio (e.g. Fig. 19 ).
Fitting the rotational-fission model to the measured ∆H and spin rate, the density is constrained to 1.7 to 2.3 gr cm −3 (Fig. 20) . The low uncertainty range of the density is mainly due to the small size of the secondary member compared to the size of 3749, since in Table 1 ). The x-axis is the synodic rotation phase. The synodic rotation period is 2.8049 ± 0.0002 hours. The difference in the amplitude is due to the different aspect angle and phase angle at the four apparitions (see Table 1 ). The error on the Y-axis is negligible. The density range of (1.67 to 2.27 gr cm −3 ) for an S-complex object supports the notion that 3749 is a rubble pile asteroid that could have split due to rotationalfission. this regime the model is highly dependent on the rotation period that has much smaller uncertainty than on the mass ratio of the pair. Similar to the case of 2110, this range matches the expected density of a "rubble pile" body that is composed of ordinary chondrites (S-complex taxonomy) which is the composition of 3749 . However, our simplistic model does not take into account the complexity of 3749 system with its two satellites. If the secondary pair, 312497, was ejected from 3749 with the currently two satellites than our model does not consider additional angular momentum in the system that is relevant to the rotational-fission mechanism; if 312497 was formed separately than the two satellites, our model might still be valid since the angular momentum originated from the rotational and orbital periods of the satellites cancel out and does not alter the result of the model.
(5026) Martes
(5026) Martes and its secondary member 2005WW113 are one of the youngest known asteroid pairs with a proposed separation time of about ∼ 18, 000 years ago as indicated by backward dynamical integration (Vokrouhlický & Nesvorný 2008 , Pravec et al. 2010 , Polishook et al. 2014 ). This Ch-type asteroid is also unique in the sense it is much larger than its secondary member -with a ∆H = 4, their D2/D1 = 0.16 and mass ratio of less than 1%.
I observed 5026 at Wise Observatory on 18 nights during 4 apparitions running from 2009 to 2014 (Fig. 21) . The photometric set was increased with measurements from 36 nights collected by the Catalina Sky Survey between 1999 and 2013. The relatively large set of data, with high S/N (Fig. 22) , taken on equally sampled geometries (Fig. 21) , results in a well-defined coordinates for the spin axis and shape of 5026 (Fig. 23) . Even (5026) Martes from four apparitions. The epoch is T 0 = 2455028JD. Different markers and colors represent photometric data from different observing nights (see Table 1 ). The x-axis is the synodic rotation phase. The synodic rotation period is 4.4243 ± 0.0001 hours.
though some spin axis solutions with mid-latitude poles are within the uncertainty range, the physical feasibility test rejects them as unphysical (Fig. 24) . 5026 is a relatively elongated object (a/b = 1.68 ± 0.08; Fig. 25 ) with low obliquity (β axis = 80 ± 10; ǫ = 14 ± 9 degrees).
Fitting the rotational-fission model to the measured ∆H and spin rate, the density is constrained to 1.0 to 1.8 gr cm −3 (Fig. 26) . This low range of density values, compared to 2110 and 3749, is consistent with a rubble pile structured body of the Ch-type taxonomy that represents a composition of low density carbonaceous chondrites (∼ 2.6 gr cm (5026) Martes and its size/mass ratio with its secondary (black circle) compared to the values obtained by the model of angular momentum conservation (lines). The three lines represent the mean and two extreme cases with the stated density (ρ) values. These include the extreme cases of the triaxial axes of the shape model as derived from our analysis. The error on the Y-axis is negligible. The density range of (0.965 to 1.795 gr cm −3 ) for a C-complex object supports the notion that 5026 is a rubble pile asteroid that could have split due to rotational-fission. 
lický & Nesvorný 2008
). Both components present reflectance spectrum typical of an ordinary chondrite (Scomplex) supporting a common origin . Furthermore, the visible and near-IR reflectance spectrum of 54827 has a low spectral slope and a deep absorption band at 1µm , which are known parameters for recently exposed ordinary chondrite that was not exposed to space weathering agents (Binzel et al. 1996 , Clark et al. 2002 , Brunetto et al. 2006 . Therefore, this is a supporting measurement for the young age of the system. A statistical model of the separation of this pair allowed Vokrouhlický & Nesvorný (2009) to predict that 6070 has a retrograde sense of rotation. This claim was tested and confirmed by photometric observations that constrained the latitude of the spin axis to be less than ∼ −50 0 (Vokrouhlický et al. 2011) .
Here I use photometric observations from the Wise Observatory taken on 24 nights during four different apparitions between 2009 to 2014 (Fig. 27) . Part of this dataset was previously published by Pravec et al. (2010) and Vokrouhlický et al. (2011;  Table 1 ). In addition to non-published data from the Wise Observatory this photometric dataset was expanded by 30 nights of sparse photometric data collected by the Catalina Sky Survey and the U.S. Naval Observatory. The high brightness of 6070 allowed us to measure small features on its lightcurves with high SNR (Fig. 28) . Using the inverse lightcurve metod, and after rejecting unphysical cases as described above, 37 possible spin axis solutions were derived within the uncertainty range that corresponds to 3σ above the global minimum (Fig. 29− 30) . The derived spin axes correspond to a sidereal rotation period of 4.273715 ± 0.000003 h, and a retrograde sense of rotation with a latitude of −60 o ± 10 o . These values are consistence with the values obtained by Vokrouhlický et al. (2011) .
The shape models constrained by all 37 spin axis solutions are very similar; the shape is highly asymmetric with one pointy side compared to a more rounded area at Table 1 ). The x-axis is the synodic rotation phase. The synodic rotation period is 4.2733 ± 0.0001 hours. the opposite side (an example is shown in Fig. 31 ) along the long axis of the asteroid (a). The shortest axis also seems to be asymmetric with a more pointy shouthern hemisphere compared to the northern one. However, in four out of the 37 cases the two hemispheres look symmetric and less pointy (example in Fig. 32 ). The southern hemisphere of (6070) Rheinland will be in opposition The error on the Y-axis is negligible. The asymptotic nature of the model makes the uncertainty of the density highly dependent on the error of the ∆H value for asteroid pairs with low ∆H. Therefore, the derived density range for 6070 is too large to reveal the structure of the asteroid. Decreasing the uncertainty of the absolute magnitude of the primary and secondary is a first step to further constrain the density of 6070.
again on March 2015, hopefully allowing us to remove this ambiguity. Matching a triaxial ellipsoid to the shape models results with an a/b ratio of 1.38 ± 0.06 and a b/c ratio of 1.2 ± 0.2.
Constraining the rotational-fission model by the measured parameters results with a very large range of density values (1.5 to 4.4 gr cm −3 ; Fig. 33 ). This is because the asymptotic nature of the model makes the uncertainty of the density highly dependent on the error of the ∆H value for asteroid pairs with low ∆H. Therefore, the derived density range for 6070 is too large to reveal the structure of the asteroid. However, regardless the error range of ∆H, the obtained density value (2.5 gr cm −3 ) is lower than the value of ordinary chondrites (∼ 3.3 gr cm −3 ) that 6070 is composed of. As in the previous cases, this density value is consistent with the notion of rubble pile asteroids disrupted by the rotational-fission mechanism. Asteroid (7343) Ockeghem was separated from its secondary (154634) 2003 XX38 over 800 kyrs ago (Pravec et al. 2010) . Both components present reflectance spectrum of a S-type supporting a common origin (Duddy et al. 2012) . In addition, the relatively fast rotation of 7343 (3.75 hours) is correlated with the small size of its secondary (Pravec et al. 2010) which is consistent with the rotational-fission mechanism.
(7343) Ockeghem
I observed 7343 at Wise Observatory on 11 nights during 3 apparitions from 2009 to 2014 (Fig. 34) . The photometric dataset was increased with measurements from 32 nights collected by the Catalina Sky Survey between 2005 and 2011. While the lightcurve was covered entirely during the rotation period at three different apparitions (Fig. 35) , the lightcurve inversion method failed to result with a highly constrained spin rate and spin axis solutions (an example for one solution is displayed in Fig. 36) . Therefore, the results presented here have high formal errors, resulting from the standard deviation of all 234 possible solutions (Fig. 37) . ∼ 60% of the valid solutions have a prograde rotation, therefore, a favorite sense of rotation cannot be determined as well.
However, the shape models resulted from all of these solutions converge into a non-elongated (a/b = 1.11 ± 0.04, b/c = 1.3 ± 0.2), regular polygon-like shape with pointy corners (e.g. Fig. 38− 39 ). In addition, fitting the rotational-fission model to the derived data, the density is constrained to 1.0 to 1.8 gr cm −3 which might be considered too low for the density of ordinary chondrite asteroids with a rubble pile structure. Additional measurements in the future will improve the constraints on the rotation and shape of 7343, and will determine if this mismatch is due to flaws in the analysis code, in the understanding of 7343's composition, or in the understanding of the rotational-fission mechanism.
5. SUMMARY AND DISCUSSION I collected photometric data on six asteroids in pairs during multiple apparitions and viewing geometries in order to derive the spin axes and shape models of these bodies. I used the lightcurve inversion method to fit the Table 1 ). The synodic rotation period is 3.755 ± 0.007 hours. The lightcurve from November 4, 2013 (bottom panel, black crosses) has the same periodicity as the other lightcurves but it looks different since it was obtained when the asteroid was at the other side of the opposition, meaning the observation took place in a significantly different aspect angle. The error on the Y-axis is negligible. The derived density range of (1.01 to 1.75 gr cm −3 ) is relatively small for an S-complex object; while this can be interpret as an example of a very high pororsity and shuttered structure, it might be due to a wrong shape model matched by the analysis method, since the photometric coverage of this asteroid is relatively limited. photometric measurements to a set of possible physical solutions and present the average results with the standard deviation as the uncertainty range of the sidereal period, spin axis longitude and latitude, and shape triaxial ratios a/b and b/c.
A simple model, that is based on the assumption of angular momentum conservation (Pravec & Harris 2007 , Pravec et al. 2010 ; Appendix A), is matched to the measured parameters of spin, shape and mass ratio between the pairs members. This match makes it possible to derive the density of the primary member of each of the studied pairs as was never done in previous studies. In three cases (2110, 3749, 5026) the range for possible densities were compatible with the expected value of a rubble pile asteroid. In one case (6070) the range of possible densities was too wide to infer any significant conclusion, even though the expected density of a rubble pile was within the derived range. In one case (7343) the density of the asteroid seemed too low although still possible. This result supports our understanding of the rotationalfission as a mechanism that can modify and split up a rubble pile structured body. This also increases our con-fidence in the used model and in its basic assumption of angular momentum conservation as a valid description of the rotational-fission mechanism.
Deriving the spin axis latitude of the pairs, helps us determine if they indeed were split by the YORP effect, that can spin-up and align spin axes of asteroids, or by collisions that should result with a random distribution and tumbling rotations. First, the dynamical age of an asteroid pair should be compared to the timescale of the YORP effect in order to assure that the current rotation state was not modified by the YORP effect after the rotational-fission event took place. The change in the rotation period of the asteroid ∆P due to the YORP effect since its formation by the rotational-fission event, was calculated by applying Eq. 1 to 3 on the physical values summarized in Table 2 to 4 and multiplying dP/dt by the dynamical age. Table 5 summarizes the dynamical ages of the asteroids (as appear in Table 2 ), the change in their spin rate dω/dt, their YORP timescale τ yorp , and ∆P since their formation. The derived values show that the YORP timescale is in one to four orders of magnitude longer than the dynamical age of all six asteroids. If the YORP effect currently spins-up these asteroids they only lost a few minutes or less of their rotation periods since their formation (∆P < 2 min for 5 of the asteroids, and ∆P ∼ 19 min for asteroid 44612; Table 5 ). Therefore, we can conclude that the current spin state of the observed asteroids were not modified significantly by the YORP effect following the fission event.
Second, the dynamical age of an asteroid pair should be compared to the damping timescale τ damp of a possible tumbling rotation. τ damp is calculated by using Eq. 4 and values rationalized by Harris (1994;  Table 5 ). The uncertainty has one order of magnitude range, which originates from the guessed rigidity and quality factor of the asteroids. The τ damp of three objects have the same order of magnitude as their dynamical ages, therefore, if these objects were formed by a collision, their tumbling motion would have relaxed since their formation. However, for the smallest object, 44612, and for the youngest pairs (5026 and 6070), the dynamical ages are significantly shorter than τ damp . Therefore, we can revoke the idea that these three asteroids were formed by a collision, since they do not present any tumbling rotation. Asteroid 2110 should be added to these three asteroids since it is the pair of 44612, and they both formed by the same mechanism.
Not only asteroid 44612 does not present a tumbling rotation, this asteroid and its partner 2110 share the same sense of rotation and the direction of their spin axes are within the uncertainty range. This result should be considered as an additional evidence that the YORP effect caused the rotational-fission since the disruption is orthogonal to the spin axis, therefore the fission should not modify the direction of the spin axis.
Checking the entire sample, for three of the studied cases (2110, 5026, 6070) , the spin axis is indeed pointed towards the general direction of the north (5026) or south (2110, 6070) pole of the asteroid (Fig. 41) . This result gives a supporting argument to the notion that the fission of these pairs occurred after the YORP effect modified and aligned the spin axes of these asteroids. Since the thermal reemission from the asteroid surface gives momentum to the asteroid in a normal and parallel vectors compared to the spin axis (Vokrouhlický et al. 2003) , an evidence for the spin axis modification by the YORP effect serves as an evidence that the spin rate of the asteroid was modified by the YORP effect as well, what eventually caused the disruption of the asteroid. The other three cases (3749, 7343, 44612) resulted in ambiguous values that include polar and equatorial directed spin axes, so conclusions cannot be drawn from these three asteroids.
The study presented here begins the long task of assembling the necessary data to better understand the rotational fission process. Observing more asteroid pairs and collecting their photometric data in multiple observing geometries will give a statistical point of view on the spin and shapes of asteroid pairs. This will improve our understanding of the rotational-fission mechanism and about evolution of asteroids in general. Using the model described in the paper, the pairs give us a unique opportunity to increase the number of known density values and the opportunity to constrain these values with the known asteroidal structure of "rubble pile". Furthermore, reducing the uncertainties of the derived solutions could even produce a shape model with enough detail to reveal the place on the surface where the fission took place. Pravec and Harris (2007) and Pravec et al. (2010) presented a rotational-fission model based on the conservation of angular momentum. The source of angular momentum for two touching bodies is the spin of each object and their orbit around each other. This can be formulated as: Values used in Eq. 1 to 4: F = 10 14 kg km s −2 (Jacobson et al. 2014) . Y = 0.008 which is the average value for the 7 asteroids Y was measured for . µQ = 5x10 12 to 5x10 13 , K 2 3 = 0.03 (Harris 1994) . a, e and R are summarized in Table 2 . ρ and ω = 2π P are derived by this study (Table 3−4).
APPENDIX
where I i , ω i , M i are the moment of inertia around the principal axis, the angular velocity and the mass of the i-th body (primary is 1, secondary is 2), respectively, A is the semi-major axis of the system and G is the gravitational constant. The subscripts "ini" and "fin" stands for the initial and final state values of the relevant parameters. To simplify the model we can make the following assumptions:
1. The density and albedo of the two components are equal. 2. The spin of the secondary is constant (ω 2ini = ω 2f in ). Any change within this value is negligible due to the small size of the secondary.
3. The spin vectors of the components and their mutual orbit are coplanar (according to this study, this assumption is true for 2110-44612).
Because the final state of the two components is total separation, 1/A f in is defined as zero, meaning a barely escaping satellite with a parabolic orbit. Therefore, Eq. 1 can be expressed as:
Some parameters can be replaced by known parameters or observed ratios. These are the moment of inertia of the primary I 1 , the mass of the primary M 1 and the secondary M 2 :
M 1 = 4π 3 ρ(a 1 b 1 c 1 ) (4)
where a 1 , b 1 , c 1 are the physical axes of an equal mass ellipsoid (a 1 ≥ b 1 ≥ c 1 ), ρ is the density and q is the mass ratio between the components. After the substitutions, we get: 
The triaxial ratio of the pair primaries (a 1 /b 1 and b 1 /c 1 ) is calculated from the derived shape models. The initial semi-major axis A ini , normalized by the intermediate axis of the primary b 1 , is of order unity for a contact binary.
The initial spin of the primary ω 1ini is calculated from the total angular momentum, L 1 + L 2 + L orb , which is the primary and secondary rotational angular momentum and the orbital angular momentum, respectively. This value is normalized by the angular momentum of an equivalent sphere L eqsph , spinning at the critical spin rate:
The parameters in the above formula can be replaced by:
L eqsph = 2 5 M (a 1 b 1 c 1 ) 2/3 (1 + q) 2/3 ω csph
when M = M 1 + M 2 and the critical spin rate of a sphere, ω csph , is determined by its density as:
Eventually, the initial spin of the primary ω 1ini can be formulated as follows: 
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